Torque is an important parameter of a mechanical power system, which reflects transmission efficiency, transmission reliability, and operating conditions of equipment. Torque monitoring is very important for real-time control and fault diagnosis of mechanical equipment. A torque measurement method based on the theory of magnetic effect is proposed for multipoint torque monitoring in shafting. A model of the deflection angle of the magnetization vector and torque is established based on the theory of magnetic equivalent. A non-contact signal extraction circuit based on hall sensor is designed, a torque loading experimental device is set up, and the torque calibration experiment is completed. The experimental results show that the sensitivity of the torque measurement system is 17.7 mV/Nm, and the maximum nonlinear error is 0.77% full scale. The deflection angle of the magnetization vector has a good linear relation with the torque, which can be measured indirectly by the deflection angle. This method has the advantages of a simple device, strong anti-interference ability, and non-contact measurement. Because it is not necessary to do special treatment to the elastic shaft, it is convenient to form a non-contact torque sensing node, which can realize real-time monitoring of multipoint torque of shafting.
Introduction
The drive shaft is very important in many fields, such as robotic design, force measurement system, and vessel [1] [2] [3] [4] [5] . It is an indispensable part of an automotive transmission system with the feature of high rotation speed, and less bracing transmits torque in the operation of a vehicle. When the vehicle starts, runs, decelerates, and brakes, the greater the torque of the shaft is, the more serious it has an influence on the performance of the vehicle. Accordingly, real-time monitoring of the status of the torque of the shaft has a great influence on the finding out the faults of the drive shaft in time.
Signal communication is a big problem in the measurement of rotational torque. There are two main ways to transmit the measured signal when the elastic shaft is running at high speed. Firstly, the wireless communication unit is pasted on the surface of the elastic shaft. In this way, the installation of a wireless communication unit is strict, and the volume should not be too large. Because of the load effect, the attached wireless communication equipment will affect the moment of inertia of the shaft, and the mass of the axle is eccentric in the case of high-speed rotation, which will affect the measurement precision of the shaft torque. Secondly, a novel photoelectric, magnetoelectric, and capacitive torque sensor is used to measure the rotational torque. For example, a novel photoelectric torque sensor for highspeed rotating machinery on the basis of adopting photoelectric reflex measuring method is proposed; the sensor is based on phase measurement principle; the laser head and the reflective stripes are as transmission devices; it can measure the rotating machines torque under the condition of high speed [6] . A new kind of magnetoelectric non-contact torque sensor is composed of a special ring space and a special magnetoelectric detector array. According to the principle of magnetoelectric induction, the sine signals with a certain frequency and amplitude are imposing on the excitation coils, when there is torque on the mechanical shaft, the magnetoelectric detector will respond displacement between the annular narrow and the ring array, the secondary coil can generate induction signal which relative to the excitation [6] .
The magnetic torque sensor has many advantages, such as durability, wide application, high reliability, and good prospects for development. It is widely concerned by researchers. ShaoPeng studied a ring torque sensor [7] based on the counter magnetostriction effect of amorphous alloy. It used the method of sticking the ribbon of the amorphous alloy. However, it was large, not easy to install, and not easy to monitor the torque in real time. Meng et al. studied a non-contact torque sensor [8] based on the change of magnetic induction, which was not suitable for dynamic measurement of torque because it needed manually adjusting two digital potentiometers. Muro et al. studied a ring torque sensor [9] based on the measurement of magnetic field by the Hall detection circuit, and magnetostrictive effect whose measuring range was small. Jiles studied the theory of magnetomechanical effects [10] and it provided a theoretical basis for the magnetic torque sensor. Sablik et al. studied the magnetostriction when the magnetic shaft suffered a tensile or compressive stress and applied a magnetic field. The stress and magnetic field were coaxial [11] . The torque sensor proposed in this paper uses the non-contact signal extraction circuit to detect the deflection angle of magnetization vector and explores the relationship between the deflection angle and the torque; instead of using the wireless communication equipment, the non-contact torque measurement is realized directly.
The model of torque measurement
The distribution of magnetization at a point at the surface of a torsional circular shaft is shown in Fig. 1 . The magnetic induction intensity along the axis direction can be expressed by the following formula [12] [13] [14] .
B is the magnetic induction intensity along the axis direction, μ 0 is the vacuum permeability, H is the external magnetic field, M is the magnetization, and φ is the deflection angle of the magnetization vector.
The effect of torque on the circular shaft can be equivalent to the tension or compression stress acted on the shaft with a 45°angle to the axis. The equivalent tension and compression stress are proportional to the applied torque, which can be expressed with the following formula:
where σ is the equivalent stress, T is the applied torque, and D is the diameter of the circular shaft. According to the theory of magnetomechanical effects [4] , the stress on a circular shaft can be equivalent to the effective magnetic field H σ on a circular shaft, so M is equal to the combined vector of H and H σ . When it comes to a shaft with positive magnetostrictive effect, the direction of the magnetization vector is near the direction of the tensile stress, + σ, and away from the direction of the compressive stress, − σ, as shown in Fig. 1 . The offset of magnetization is invariable under the action of constant external magnetic field. There is a thermodynamic equilibrium relationship which can be expressed with the following formula:
where U is the energy density produced by the intercoupling of magnetic domains within the circular shaft, the second item is magnetostatic energy density, the last two items are the magnetic elastic coupling energy density produced by circular shaft torsion, θ is the angle between the equivalent tensile stress and the magnetization, υ is Poisson ratio, and λ(σ) represents the magnetostriction produced by the uniaxial tensile stress and the external magnetic field when they are coaxial. λ(−σ) represents the magnetostriction produced by the uniaxial compressive stress and the external magnetic field when they are coaxial. λ can be expressed with the following formula: Fig. 1 The distribution of magnetization at a point on the outer surface of the shaft
γ 1 and γ 2 are related to the stress, they can be expressed with the following formula:
γ 11 , γ 12 , γ 21 , and γ 22 are constants related to the material of the shaft.
When it comes to the shaft whose material is positive magnetostrictive, Ω increases with the increase of θ. That means the equivalent tensile stress will make the direction of magnetization close to the direction of tensile stress, and the equivalent compressive stress will make the direction of magnetization vector approaching to the direction of compressive stress under the constant external magnetic field. Accordingly, the equilibrium condition is dΩ/dθ = 0, and then, the following formula can be obtained.
According to θ + φ = π/4 and cos2φ = cos 2 φ − sin 2 φ, Formula (7) can be converted to a quadratic equation with one unknown whose independent variable is sinφ.
2C sin
The expression of the deflection angle of the magnetization vector φ can be obtained by solving Formula (8),
where C ¼ 
Methods

Experimental facility
The torque measurement experimental device includes a torque loading device, Hall detection circuit, shaft, oscilloscope, DC power supply, and so on. The setup is shown in Fig. 2 . The material of the shaft is carbon steel, and the diameter of the shaft is 20 mm. The permanent magnet ring magnetized the shaft.
Torque loading device
The torque loading device is designed to simulate the process of the action of the torque on the drive shaft. The shaft end is fixed on the precision platform, and the other end is connected with the flange plate used to exert torque through the bearing. The torque of the drive shaft is simulated by applying the same weight at both ends of the flange plate. This torque loading device can effectively reduce the effect of bending moment.
Non-contact signal extraction circuit
The Hall detection circuit is designed to detect the deflection angle of the magnetization vector of the magnetic iron shaft under the action of torque. The Hall circuit needs a voltage stabilizer to supply the power. In addition, the output voltage is so weak that the detection and processing of the signal are very difficult. Hence, an amplifier with high common mode rejection ratio is adopted. The amplifier can change the different magnification by adjusting the size of the adjustable resistance.
The Hall detection circuit was calibrated by the high-precision angle stage. The formula between the deflection angle, θ, and the output voltage, V, can be obtained by the least square method to fit the straight line. They can be expressed by Formula (10). The maximum error value of the detection circuit is 6.97 min, and the sensitivity is 25.476 mV/min.
Experimental process
Firstly, complete the construction of the experimental equipment, which is shown in Fig. 2 . Secondly, applying the same weight at both ends of the flange plate is equivalent to the torque applied to the shaft. In the experiment, the applied torque is 9. (5) non-contact signal extraction circuit, (6) permanent magnet ring, and (7) torque loading device of the shaft, and then, the non-contact signal extraction circuit can detect the deflection angle. The deflection angle of the magnetization vector under the corresponding torque action can be obtained from Formula (10) . Finally, the relation between torque and the deflection angle of the magnetization vector can be obtained.
Results
Loading and unloading experiments
In loading and unloading experiments, torque is applied to the shaft by increasing weights, and then, the weight is reduced in turn, and each output voltage of Hall circuit is recorded. The fitting curves are drawn according to the experimental data, and the relationship between the torque and the output voltage is obtained, as shown in Fig. 3 . The output voltage and torque are approximately linear both in the loading process and in the unloading process. They can be expressed by Formula (11).
It means that the output voltage is proportional to the torque in the full scale. The maximum nonlinear error is 0.77% full scale, and the sensitivity is 17.7 mV/Nm.
Repeatability experiment
In the repeated experiment, the torque is constantly increased and the output voltage is recorded. Repeat the experiment six times. The repeatability experiment data are shown in Table 1 . The repeatability can be expressed by Formula (12) .
s is the measurement repeatability, x i is the measured data every time, x is the average, and n is the experiment times.
The data in the table shows that the maximum repeatability is 4.65%. The main influence factors are the phenomenon of magnetic hysteresis of the magnetized shaft in the combined action of the torque and external magnetic field.
Discussion
The method proposes a new idea to measure the torque. The results show that the torque is linear to the deflection angle of the magnetization vector. There are some ways to improve this method, which could get better results and make the measurement results more accurate [15] [16] [17] [18] [19] [20] .
(1) Torque loading device The accuracy of torque provided by a torque loading device has a great impact on the experimental results. Therefore, a more precise torque loading device is needed. At the same time, the error compensation should be taken into consideration.
(2) Non-contact signal extraction circuit
The non-contact signal extraction circuit is used to detect the deflection angle of the magnetization vector. The measurement accuracy of the deflection angle has a great influence on the experimental results. The feedback circuit can be designed to enhance the stability of the circuit and reduce the measurement error.
(3) Hysteresis effect
Hysteresis effect has great influence on the linearity of the system. Hysteresis on system error should be taken into consideration, and the model of torque measurement should be revised.
Conclusions
The magnetic torque sensor mostly measures the amplitude and explores the relationship between the amplitude and the torque. The torque measurement method proposed in this paper is detecting the deflection angle of the magnetization vector. The measurement of amplitude is easily affected by various factors, but the deflection angle of the magnetization vector has a strong anti-interference ability and is not easy to change. It can enhance the reliability of torque measurement and ensure the accuracy of measurement.
The model of torque measurement is derived based on the thermodynamic equilibrium. A torque loading device and a Hall detection circuit are designed to test the model. The experimental results show that the sensitivity of the torque measurement system is 17.7 mV/Nm, and the maximum nonlinear error is 0.77% full scale. The experimental results verify the feasibility of this torque measurement method.
